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INTRODUCTION 
In this paper we summarize the development of a method to determine effective 
elastic moduli of fiber-matrix interphases in high-temperature composites from mea-
sured elastic moduli of the composites. Special emphasis is placed on error propagation 
in the inversion process and interpretation of experimental results. 
Several ultrasonic methods have been suggested to measure the stiffnesses of fiber-
matrix interphases, utilizing measurements of bulk wave velocities [1,2]' attenuation 
[3,4] and single fiber reflectivity [5,6]. This paper focuses on the first method and the 
analysis applies to different implementations of the method [2,7,8]. The procedure for 
finding interphasial moduli from composite moduli is illustrated schematically in 
Fig. 1. In short, the ultrasonic phase velocities in the composites are first measured 
and used to find the composite elastic moduli. Next, we calculate the average com-
posite transverse moduli from the measured composite moduli. This step is necessary 
to account for the composite orthotropy since analytical multi-phase micromechani-
cal models are available only for transversely isotropic composites [9,10]. The effective 
interphasial elastic moduli are determined from the average transverse moduli via in-
version of micromechanical models [1,2,7,8]. In this approach, the interphase is consid-
ered as a layer of another material (with distinct properties), such as the fiber coating, 
between the fiber and matrix. The effect of imperfect contact between the interphase 
and its adjoining fiber and matrix will be accounted for in the "effective" interphasial 
moduli determined from experimental data. 
The method has been used to determine the interphasial moduli in ceramic and 
intermetallic matrix composites with similar interphasial carbon coatings. The inter-
phasial properties in the two composite systems determined experimentally are com-
pared to each other and to those for carbon available in the literature. Possible causes 
for the differences are discussed. The paper closes with discussion of assessment of er-
ror propagation in the inversion process. 
EXPERIMENTAL APPROACH 
Sample 
Two unidirectional ceramic and intermetallic matrix composite systems reinforced 
with ceramic SiC (SCS-6) fiber were used in the study. The ceramic composite sam-
ples are SiC/Si3N4 obtained from NASA Lewis Research Center. The matrix Si3N4 is 
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Fig. 1. Flow chart for ultrasonic interphase characterization. 
reaction-bonded silicon nitride (RBSN) with porosity 20 to 40 percent due to the man-
ufacturing process. The porosity for the measured sample was determined by compar-
ing the calculated density of the composite with the measured density. The fiber is 
continuous chemical vapor deposition (CVD) silicon carbide filament (SCS-6 by Tex-
tron Co.), which has a carbon core in the center surrounded by a transition zone and 
then a layer of ,B-SiC. A carbon-rich coating on the surface of the SiC fiber forms the 
interphase between the SiC fiber and the RBSN matrix. Three samples with differ-
ent fiber volume fraction (c) and matrix porosity (p) are used: c=0.23 and p=0.38 for 
sample 1, c=0.23 and p=0.36 for sample 2 and c=0.3 and p=0.3 for sample 3. 
Sample 3 was exposed to flowing oxygen at 1400 °C for 100 hours after initial eval-
uation. It has been shown [11] that the dominant damage mechanism for long term 
exposure to oxygen at 1400 °C is oxidation of the fiber-matrix interphase. Thus the 
interphasial moduli obtained for samples before and after oxidation will provide useful 
information on oxidation damage. 
The intermetallic matrix composite SiC/Ti-24-11 used is a Ti-24AI-llNb (atomic 
ratio) alpha-two titanium aluminide matrix reinforced with SiC (SCS-6) fibers. The 
samples have four unidirectional plies and are cut from two panels with slightly differ-
ent fiber fractions (32.6 % for panel 1 and 29.2 % for panel 2). 
Elastic Moduli of Composites and Constituents 
A self-reference bulk wave method [1,12,13] is used to measure the ultrasonic 
phase velocities in the composite samples using low frequency ultrasound (5 MHz and 
below). The measured ultrasonic velocities are used to determine the composite elas-
tic moduli. To find the effective interphasial elastic moduli one must calculate three 
average moduli, namely axial shear (Ga ), transverse shear Gt and transverse bulk (II:) 
moduli. Table 1 shows the average composite moduli measured ultrasonically for both 
composite systems. For ceramic composites the elastic constants reduce significantly 
after oxidation (sample 3). 
In addition to the composite moduli, one must find the elastic moduli of the con-
stituents. For ceramic and intermetallic matrix composites reinforced with SiC fibers, 
there are four different phases: inner carbon core, SiC shell, carbon-rich interphase 
and matrix. To utilize the existing three-phase micromechanical models [9,10], we 
have suggested in our previous work [1,2] replacing the fiber core and shell by a ho-
mogeneous equivalent fiber. The moduli of the equivalent fiber are defined so that the 
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Table 1. The average composite elastic moduli (in GPa) measured ultrasonically for 
ceramic and intermetallic matrix composites. 
1 
68.7 
32.5 
34.5 
ceramIc composItes 
2 3 3 (oxidized) 
72.4 76.2 45.1 
34.9 41.4 26.7 
37.1 44.3 30.6 
mtermetalhc composItes 
1 2 
142 142 
43.7 42.5 
44.7 43.4 
Table 2. Elastic moduli of the carbon core, the SiC shell, the equivalent fiber and var-
ious matrices. 
Elastic Carbon SIC EqUIvalent RBSN RBSN RBSN TI-24-11 
moduli core shell fiber p = 0.3 p = 0.36 p = 0.38 
Ea , CPa 41.0 415 390 110 95.9 89.5 99.2 
lIa 0.25 0.17 0.17 0.22 0.246 0.248 0.357 
Ga , GPa 16.4 177 158 45.1 38.5 35.9 36.5 
"':, GPa 32.8 268 236 80.4 75.8 70.8 128 
Gt , GPa 16.4 177 148 45.1 38.5 35.9 36.5 
* '" is the transverse bulk modulus. 
composite with embedded equivalent fibers has the same moduli as the composite with 
the actual fibers (core and shell). Based on this concept, we have calculated the equiv-
alent fiber moduli from the moduli of fiber core and shell and the results are given in 
Table 2. 
The matrix properties for both composite systems are determined from indepen-
dent ultrasonic velocity measurements on unrein forced matrix materials. For the ce-
ramic composite, the matrix (RBSN) properties are determined experimentally (sam-
ple 3) and based on micromechanical analysis of porous materials (samples 1 and 2). 
For the Ti-24-11 matrix, the ultrasonic measurements are made on a sample stripped 
from the fiberless edge of a composite panel. Thus it is manufactured in the same way 
as the composite and represents the true properties of the matrix in the composite. 
The results for all matrix moduli are summarized in Table 2. 
DETERMIN ATION OF EFFECTIVE INTERPHASIAL MODULI 
By replacing the carbon core and SiC shell in the model of the composites with an 
equivalent fiber the four-phase composite is reduced to three-phase with homogeneous 
fibers and an interphasial carbon layer between fiber and matrix. Since the constituent 
properties are known, one can determine the effective interphasial moduli from the av-
erage transverse moduli via inversion of three-phase micromechanical models. Three 
independent interphasial elastic moduli are determined by inversion: interphasial ax-
ial shear (GD, interphasial transverse bulk (",I) and shear (GD moduli. As discussed 
in [2], determination of "',! and G{ requires solution of two coupled equations and the 
inversion is carried out numerically using an iteration scheme. 
To avoid lengthy computation in solving the nonlinear coupled equations, one can 
use a simplified approximation replacing the interphasiallayer with spring boundary 
conditions. The normal (kn ) and transverse (k t ) spring constants are related to the 
interphasial moduli by 
(1) 
where h is the interphasiallayer thickness. Note that this approximation is valid only 
when h is much smaller than the fiber radius and the fiber stiffness is much greater 
than the interphase stiffness [9]. 
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Table 3. Interphasial elastic moduli (in GPa) obtained using a three phase model 
for ( a) ceramic, (b) oxidized ceramic and (c) intermetallic matrix composites. Data in 
parenthesis are interphasial moduli obtained using spring approximations. 
Table 3 shows the effective interphasial moduli determined using three-phase and 
simplified spring models for different composite systems. It is clear that the results of 
these two models are close except for CfT of the intermetallic matrix composites, which 
is due to the interphasial moduli being relatively high compared to those in ceramic 
matrix composites. For as-received samples the results for each composite system are 
similar but they are very different between ceramic and intermetallic matrix compos-
ites. The interphasial moduli for the intermetallic matrix composites are several times 
greater than those for the ceramic matrix composites. The causes for this difference 
are discussed in the next section. For oxidized ceramic matrix composites the inter-
phasial moduli reduce significantly due to oxidation, indicating high sensitivity of the 
measured interphasial moduli to damage. 
COMPARISON OF MEASURED AND ESTIMATED ELASTIC MODULI OF IN-
TERPHASES 
Estimation of Elastic Moduli for Interphasial Layer 
Since both ceramic and intermetallic matrix composites are made with the same 
carbon-rich coated fibers, it is interesting to compare the measured effective inter-
phasial moduli for these composites with those data available in the literature for car-
bon. According to the electron diffraction study on SCS-6 fibers by Ning et al. [14], 
this carbon coating is composed of two different microstructural zones. One zone has 
randomly oriented basic structural units (BSU), which is similar to the structure of 
the carbon core. The other zone has a structure similar to pyrolytic carbon with a 
preferred basal plane orientation normal to the radial direction (along the circumfer-
ential direction). Table 4 gives the elastic constants of pyrolytic carbon from Landolt-
Bornstein [15] and experimental data for the carbon core [16). Two experimental data 
sets are available for pyrolytic carbon [15) and their averages are used for estimations 
of interphasiallayer properties. For the interphase with a preferred basal plane normal 
to the radial direction, the interphasial radial and shear stiffnesses are CfT = C33 and 
G~ = G{ = C44 • The averaged moduli of the interphasiallayer may be calculated from 
moduli of the carbon core and pyrolytic graphite using the rules of mixture (assuming 
two different zones have the same thickness). The results are shown in the last column 
of Table 4(a). 
The estimated interphasial moduli based on available carbon properties are close 
but are somewhat lower than the measured interphasial moduli for the intermetallic 
matrix composite. This difference is due to the presence of SiC particles in the inter-
phase which should be accounted for. It is known [14] that the carbon coating contains 
very fine (2 to 4 nm diameter) SiC particles which introduce additional reinforcement. 
To consider the effect of SiC particles, we use a micromechanical model for particulate 
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Table 4. (a) Elastic constants (in GPa) of various carbons from the literature, where 
the 3 direction is normal to the basal plane. The rule-of-mixture results are estimated 
interphasial moduli based on microstructure. (b) Comparison of experimental and es-
timated interphasial moduli. 
(a) Elastic constants of various graphites. 
Carbon Carbon Average 
(pyrolytic) [9] core [10] (rules of mixture) 
t:11 5~.1 tiii.5 4!:1.~ -
C33 = C:r 25.8 29.0 49.2 35.2 
C44 = G: 1.5 1.2 16.4 2.58 
("12 t~8 ~O.O_ 1_604 -
t:13 1ti.U ~ti.5 16.4 -
composites to estimate the elastic moduli of the carbon layer with SiC particles. There 
is experimental indication [17] that the SiC particle concentration is about 25 percent. 
We estimate that C;r=56 and G{ =4. 7 GPa for carbon layers with 25 percent SiC par-
ticles (shown in Table 4(b)). They are comparable to those measured for intermetallic 
matrix composites while being greater than those for ceramic matrix composites. We 
will address this discrepancy in the following section. 
Effect of Imperfect Contact Between Interphase and Matrix in SiC/RBSN Composites 
As we discussed above, the effective interphasial moduli in ceramic matrix com-
posites are significantly lower than those in the intermetallic (Table 4(b)). This differ-
ence is due to imperfect contact between the interphasial carbon and the porous ma-
trix. As a result of compaction of RBSN, the interfacial region is often highly porous 
compared to the matrix phase [18], thus affecting the state of mechanical contact be-
tween the interphase and the matrix. To investigate this effect we performed mea-
surements on a ceramic composite without the fiber-matrix interphasiallayers. The 
composite panels made with the RBSN matrix and SCS-O fibers have 24 percent fiber 
fraction and 18 percent matrix porosity. The SCS-O fiber is identical to the SCS-6 fiber 
except without the outer carbon coating. Fig. 2 shows the measured ultrasonic phase 
velocities for SCS-O/RBSN composites in the plane parallel to the fibers. The solid 
lines in the figure are theoretical calculations for the SCS-O /RBSN composite with 
a perfect interface between the fibers and matrix. It is clear that the theoretical ve-
locities agree with experimental data near the fiber direction while the difference is 
greater in the direction transverse to the fibers. This difference is due to the fact that 
the contact between fiber and matrix in the SCS-O/RBSN composite is different from 
the perfect contact assumed in calculations. 
To quantify the imperfect contact between fibers and matrix, we introduce spring 
boundary conditions and calculate the spring stiffnesses from ultrasonic measurements 
in the SCS-O/RBSN composite. The resultant spring stiffnesses are kn = 17.1 and 
kt = 0.62 GPa/ pm. The finite stiffness values point to loss of joint integrity between 
fibers and matrix due to excessive interfacial porosity. Using these spring stiffnesses 
one can calculate the theoretical velocities in the composite with imperfect contact 
between fibers and matrix. The results are shown by dashed lines in Fig. 2 and 
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Fig. 2. Ultrasonic phase velocities versus refraction an~le in the plane parallel to the 
fibers. The points are experimental data for the SCS-O/RBSN composite and the solid 
curves are theoretical calculations for composites with a perfect interface. The differ-
ences between experiment and calculations are due to excessive interfacial porosity. 
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Fig. 3. Schematic of fiber cross-section with imperfect contact between interphasial 
carbon and matrix in ceramic matrix composites. 
the agreement between experiment and theory is good. 
According to the above discussion, the excessive interfacial porosity should also 
affect the state of contact between the interphase and the matrix in the SCS-6/RBSN 
composite, thus reducing the measured effective interphasial moduli. This may be 
modeled as an imperfect interface between the carbon layer and the homogeneous ma-
trix using springs as shown schematically in Fig. 3. The contact imperfections should 
apparently be a function of matrix porosity p. As was shown for the SCS-O/RBSN 
composite, for 18 percent matrix porosity the normal spring kn = 17.1 GPa/ /lm. As-
suming that the increase of interfacial porosity is proportional to the matrix porosity, 
the normal spring constant reduces to kn = 5.7 GPa/ /lm for samples with 30 percent 
matrix porosity. If one calculates the effective radial and shear stiffnesses of the inter-
phasiallayer using 1) the springs between the layer and matrix and 2) the measured in-
terphasial radial stiffness for intermetallic matrix composites, the effective interphasial 
stiffnesses become G;r =13 GPa and G{ = 1.24 GPa, which is comparable to those 
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measured for the ceramic composite (last column in Table 4(b». 
From the results summarized in Table 4(b), it can be concluded that the measured 
interphasial moduli agree reasonably well with estimations when the microstructure 
and the state of contact are taken into account. Experimental error in the measured 
interphasial moduli may also cause deviation between the measured and estimated 
values. The effect of experimental error is discussed below. 
ERROR ANALYSIS IN DETERMINATION OF INTERPHASIAL MODULI 
To quantify the effect of error in measurements of composite moduli and con-
stituent properties on the interphasial modulus error, it is convenient to define an error 
magnification factor Si as 
(2) 
where MI is the interphasial modulus and pi is a given composite modulus or con-
stituent property. When the interphasial modulus is expressed explicitly in terms of 
the composite moduli and constituent properties (MI = MI(pi», the error magnifi-
cation factor is given by 
pj aMI 
Sj = MI apj· (3) 
As an example, the error magnification factors for both interphasial radial stiffness G;r 
and axial shear modulus G~ can be derived in closed form. For given composite moduli 
and constituent properties, the error magnification factors depend on the values of the 
calculated interphasial moduli. Fig. 4 shows the calculated error magnification factors 
versus interphasial axial shear modulus (normalized by the matrix shear modulus) for 
a typical ceramic matrix composite. When G~/Gm > 0.1 the magnification factors in-
crease as the interphasial modulus increases. On the other hand when the interphasial 
modulus approaches zero (G~ ~ Gm), the magnification factors S~ and S~ become in-
finite due to the presence of G~ in the denominator. In general error in measurement 
of composite moduli has the largest effect on the precision of the interphasial modulus 
determination while error in the fiber modulus has the least effect. It is also important 
to note that for typical ceramic and metal matrix composites the ratio G~/Gm is be-
tween 0.02 to 0.15 (the vertical dashed lines in Fig. 4), which is in the vicinity of the 
error magnification factor minima. 
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While error in the composite moduli has the greatest effect, the experimental er-
ror in measurement of the composite moduli is less than one percent. Moreover, with 
special precaution in ultrasonic measurement, the error can be minimized to within 
0.1 percent. Error in the fiber moduli affects the interphasial moduli less drastically. 
However, if one uses the moduli of the SiC shell as the moduli of the equivalent fiber, 
error greater than 15 percent is expected due to the large difference in the transverse 
shear modulus (see Table 3). 
SUMMARY 
In this paper the effective interphasial moduli are experimentally determined and 
compared for two composite systems: ceramic and intermetallic matrix reinforced 
with continuous SiC fibers. Although the interphase in these two composite systems 
is the same fiber coating, the effective interphasial moduli determined from ultrasonic 
data are significantly different for these two composites. To interpret the difference 
we have estimated the theoretical elastic moduli of the interphasial layer based on its 
microstructure and compared them with experiment. The comparison shows that the 
estimated interphasial moduli agree with experimental data for the intermetallic com-
posites but are much higher than those for the ceramic composites. Evidence from 
further experiments and analysis indicate that the lower effective interphasial moduli 
in ceramic matrix composites are due to imperfect contact between the interphasial 
carbon and the porous matrix. This imperfect contact is a result of excessive porosity 
in the interfacial region and is quantified using spring boundary conditions. The anal-
ysis shows that the interphasial moduli are sensitive to error in the composite moduli 
with an error magnification factor of ten. At our experimental modulus errors, about 
one percent, it gives a reasonable ten percent error for interphasial moduli. It was also 
shown that the interphasial moduli are the least sensitive to error in the estimated 
equivalent fiber moduli. 
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